Abstract: In order to evaluate the effect of pre-heating on biosolubility and water-resistance of alkaline earth silicate (AES) fibers in MgO-SrO-SiO 2 and MgO-CaO-SrO-SiO 2 compositions, dissolution experiments of the heat-treated (from 110°C to 1,260°C) AES fibers have been carried out in a glycine solution and in distilled water at 40°C for 50 h. The dissolution experiments show that the heat-treatment around 700°C has made the AES fibers more soluble in the glycine solution. This is due to the phase separation of the AES fibers resulting from the heat-treatment. Probably, alkaline earth-rich glassy phases formed by the phase separation facilitate the dissolution of the heat-treated AES fibers in the glycine solution. The heat-treatment around 700°C is possible to decrease the toxicity of the AES fibers further. Meanwhile, this heat-treatment around 700°C has given little effect on the dissolution of the AES fibers in the distilled water. This indicates that the resistance of the AES fibers to water or humidity remains unaffected by the heat-treatment. The water-resistance is a very useful property for MMVFs. This study suggests that the heat-treatment around 700°C is probably an useful treatment in order to enhance the total performance, biosolubility and water-resistance, of AES fibers.
Introduction
Man-made vitreous fibers (MMVFs) which have a broad variety of chemical compositions are widely used for heat resistance, thermal insulation and fire protection. These MMVFs, also called man-made mineral fibers, such as glass wool, rock (stone)/ slag wool and refractory ceramic fibers, have similar aerodynamic properties to asbestos and lead to their deposition throughout the respiratory tract. For this reason, the potential has been pointed out that the MMVFs cause respiratory diseases. A combination of observations in human and in animal experiments indicated that the potential could be related to three variables, colloquially known as "3D"s: first, Dose; second, Dimensions; third, Durability of fibrous materials [1] [2] [3] [4] . Recent years, the durability has been considered to be a critical determinant of hazard 5) , and this consideration has made the industry develop newer fibers that are more biosoluble 1) . An example of these newly developed, more biosoluble fibers is alkaline earth silicate (AES) fibers 1) . AES fibers are also able to allow thermal histories such as heating and annealing due to the excellent property of thermal resistance. AES fibers would also widely used for heat resistance, thermal insulation and fire protection in future.
It has been pointed out that thermal histories have a considerable influence on the dissolution of glassy materials 6) . However, there is little information about the effect of thermal histories on the dissolution of AES fibers.
In addition, physiological fluids such as Gamble solution have been used in conventional studies for evaluating biosolubility [7] [8] [9] . The physiological fluids as such include amino acids. It has been pointed out that amino acids can solubilize substances 10) . Thus, the dissolution in the respiratory tract is possible to disagree with an ordinary dissolution in water 10, 11) . The solubilization with amino acids should be investigated on each substance 11) . Therefore, evaluating the dissolution properties of AES fibers in amino acid solutions would provide basic and important information for understanding the dissolution in physiological fluids.
This paper describes the effect of heating on the dissolution of the AES fibers which belong to the MgO-SrO-SiO 2 and MgO-CaO-SrO-SiO 2 compositions 12, 13) in a glycine solution, one of simple amino acid solutions, compared to the dissolution of them in distilled water.
Materials and Methods

Fiber samples preparation
Two samples of the AES fibers, which had been disclosed in some patents 12, 13) , were used in this study. Chemical composition and geometric mean diameter (GMD) with geometric standard deviation (SD) of these AES fiber samples were shown in Table 1 . Fiber sample #01 had composition in the MgO-SrO-SiO 2 , and fiber sample #02 had composition in the MgO-CaO-SrO-SiO 2 . These two AES fiber samples were heat-treated in a laboratory drying oven or an electric furnace for the temperatures and times indicated in Table 2 , column 2.
Experimental procedure
Each heat-treated fiber sample was first chopped until the fiber passed through a 200 mesh (pore diameter: 0.075 mm) screen. After that, 1.000 ± 0.0003 g of the chopped fiber sample was weighed into a conical beaker, and 150 ml of 2 wt% glycine solution or distilled water with 5 ml of 0.05 mol/l phthalate, C 6 H 4 (COOK) (COOH), solution was added to the beaker. The beaker with the fiber sample and the liquid was inserted into the shaking incubator water bath maintained at 40 ± 1°C (nearly at body temperature). The shaker speed was set at 120 cycles/minute and the experimental period was 50 h. After the period, the fiber sample was separated from the liquid by filtration and dried in an oven at 100°C. The separated and dried fiber sample was weighed accurately and the calculation of weight loss of the fiber sample by dissolution gave the dissolution rate of the fiber sample. In addition, pH of the liquid reacted with the fiber sample and separated by filtration was measured. The experimental procedure characterized by determining the weight loss is an easy and quick method for evaluating the dissolution properties in a practical application for the development of biosoluble fibers 14, 15) . The reasons for the addition of the phthalate solution are the following.
It is known that the elution of alkaline earth ions rises pH of a liquid 16) , and the rise of pH at 12-13 precipitates Mg 2+ ions as Mg(OH) 2 , magnesium hydroxide, in the liquid 17) . This precipitation would make the dissolution rate of the fiber samples difficult to be determined. The pH of the phthalate solution is approximately 4.0. Therefore, the addition of the phthalate solution as a buffer agent is able to prevent the precipitation of Mg 2+ as Mg(OH) 2 . It is known that phthalate solutions give little effect on the dissolution of glasses 18) . In addition, it is accepted that in the lung at least two pH environments exist, pH 7.4 representing the extracellular environment and pH 4.5 representing the environment found within the phagolysosomes of the macrophages 19, 20) . Therefore, the addition of the phthalate solution gives the similar environment within the phagolysosomes of the macrophages as an initial condition to the dissolution experiments.
Fiber sample analysis
The fiber samples, which were heat-treated for the temperatures and times indicated in Table 2 , column 2, were examined by means of X-ray powder diffraction analysis at 40 kV, 30 mA with scanning speed of 2 degree/min.
The pre-and post-reacted fiber samples with the liquids were examined by means of differential thermal analysis (DTA) with heating rate of 10°C/min.
Result
X-ray diffraction analysis
Phases of the heat-tread fiber samples identified by Xray diffraction (XRD) analysis were shown in Fig. 1 .
The glassy phases remained unchanged when the heattreatment temperature was below 700°C. The heat-treatment at 800°C crystallized partially the fiber sample #01 into enstatite (Mg 2 Si 2 O 6 ), which was transformed to protoenstatite (identified as a phase obtained by quenching) at 1100°C, or the fiber sample #02 into augite (CaMgSi 2 O 6 ), leaving an excessive SiO 2 glassy phase. Cristobalite (β type-like) was also formed when the heat-treatment temperature was above 1,100°C resulting from crystallization of the excessive SiO 2 glassy phase.
Variation of dissolution rate
The dataset of the dissolution rate of the fiber samples in the glycine solution or the distilled water at 40°C for 50 h and the pH of the post-reacted liquids was given in Table 2 .
Variations, as a function of heat-treatment temperature, of the dissolution rate of the fiber samples #01 and #02 in these liquids (the glycine solution and the distilled water) were given in Fig. 2 and Fig. 3 , respectively.
The dissolution rate of the fiber samples in the glycine solution rose sharply with increasing heat-treatment temperature of the fibers and reached its maximum at 700°C. After that, the dissolution rate fell off up to 800°C. Meanwhile, the dissolution rate in the distilled water had no sharp variation as a function of heat-treatment temperature in the same range. In the heat-treatment temperature range above 800°C, the dissolution rate of the fiber samples in the glycine solution was equivalent to that in the distilled water.
Variations, as a function of pH of the post-reacted liquids, of the dissolution rate of the fiber samples were given in Fig. 4 . Increase of the dissolution rate of the fiber samples was associated with increase of pH of the post-reacted liquids. Especially, a sharp rise of the dissolution rate of the fiber samples in the glycine solution was accompanied by increase of pH in the range above 7.
Thermal analysis
Some DTA curves of the heat-treated fiber samples which were pre-reacted with the liquids were shown in Fig. 5 . The fiber sample heat-treated in the temperature range from 110°C to 700°C for 24 h had a small endothermic peak around 790°C (#01) or 760°C (#02), a sharp exothermic peak in the range from 900°C to 960°C (#01, #02) and an exothermic DW: dissolution rate in the distilled water. Glycine: dissolution rate in the glycine solution. DW: dissolution rate in the distilled water. Glycine: dissolution rate in the glycine solution. DW: dissolution rate in the distilled water. Glycine: dissolution rate in the glycine solution.
peak in the range from 1,120°C to 1,210°C (#01) or in the range from 1,210°C to 1,230°C (#02) on the curve. The sharp exothermic peak in the range from 900°C to 960°C disappeared on the DTA curve of the fiber sample heat-treated at 800°C for 24 h.
Some DTA curves of the heat-treated fiber samples which were post-reacted with the liquids were shown in Fig. 6 (#01) and Fig. 7 (#02) .
In the case of the post-reacted fiber samples with the glycine solution, the DTA curves of each fiber sample were similar in their characteristics when the heat-treatment temperature was in the range from 110°C to 600°C (#01) or from 110°C to 400°C (#02). However, the sharp exothermic peak in the range from 900°C to 960°C was weakened and almost disappeared on the curve of the fiber sample heattreated at 700°C (#01) or heat-treated in the range from 600°C to 700°C (#02) throughout the reaction of the fiber sample with the glycine solution.
On the other hand, in the case of the post-reacted fiber samples with the distilled water, the DTA curves of each fiber sample heat-treated in the temperature range from 110°C to 700°C were similar in their characteristics and the peaks in the range from 900°C to 960°C on the curve remained unchanged throughout the reaction of the fiber samples with the distilled water.
Discussion
The heat-treatment around 700°C has made these AES fiber samples more soluble in the glycine solution. The dissolution rate of the fiber samples in the glycine solution has risen sharply with increasing heat-treatment temperature and has reached its maximum at 700°C (Fig. 2 and Fig. 3) . Probably, this sharp rise of the dissolution rate of the AES fiber samples is caused by phase separation, which forms more alkaline earthrich glassy phases, resulting from the heat-treatment. The more alkaline earth-rich glassy phases are more soluble than the original homogeneous glassy phases in the glycine solution.
Phase separation is the phenomenon that a homogeneous glassy phase is separated into two different compositional glassy phases below the melting point resulting from a heattreatment 21, 22) . The separated phases are considered to be amorphous with no indexable X-ray diffraction and indefinite micromorphology. It is also known that an amorphous material is phase separated before crystallization by heart-treatment 23) . Thus the phase separated microstructure is considered to be suitable as the pre-state of crystal nucleation 24) and distinguished from devitrification or crystallization 25) . The heat-treated fiber samples at 700°C for 24 h, which have high dissolution rate in the glycine solution, have remained amorphous. The heat-treatment at 800°C, which is 100°C higher than the above-mentioned temperature, has crystallized these fiber samples partially and formed the crystalline alkaline earth silicates (Fig.1) . These indicate that the heat-treatment around 700°C for 24 h has changed these AES fiber samples into the pre-state of crystal nucleation.
It is known that homogeneous SiO 2 -rich glasses of silicate type are phase separated into low temperature components which are melted at lower temperature and high temperature components which are SiO 2 -rich 26) . It is likely that the fiber samples in this study are phase separated into the low temperature components, the alkaline earth-rich phases, and the high temperature components, the silica-rich phases. In general, low temperature components are chemically less durable than the original homogeneous glasses 27) . Probably, the alkaline earth-rich glassy phases, formed as the chemically less durable phases by phase separation, of the fiber samples in this study are more soluble than the original homogeneous glassy phases in the glycine solution.
The phase-separated microstructures can be categorized into two types in general. One is the structure in which the chemically less durable phase is interconnected with the silicarich phase. The other is the structure in which the chemically less durable phase is dispersed and embedded in the silicarich phase. It has been pointed out that the phase separation facilitates the dissolution of a phase-separated glassy material when the chemically less durable phase is interconnected with the silica-rich phase because the chemically less durable phase is directly exposed to solutions 27) . The DTA curves of the fiber samples indicate that the phase separated, alkaline earth-rich glassy phases are chemically less durable in the glycine solution.
The sharp exothermic peak in the range from 900°C to 960°C of the fiber sample, heat-treated up to 700°C and prereacted with the liquid, has been on the DTA curve. This sharp exothermic peak has disappeared by the heat-treatment at 800°C for 24 h (Fig. 5) . It is believed that the sharp exothermic peak is due to the crystallization. The crystallization rate is considered to reach its maximum near the summit of the exothermic peak [28] [29] [30] . The heat-treated fiber samples have remained amorphous up to 700°C and the fiber sample has been crystallized partially into enstatite (#01) or augite (#02) at 800°C (Fig. 1) . Therefore, the sharp exothermic peak in the range from 900°C to 960°C on the DTA curve is caused by the crystallization into enstatite (#01) or augite (#02).
There is the thermal disagreement that the exothermic peaks in the range from 900°C to 960°C on the DTA curve have disappeared by the heat-treatment at 800°C for 24 h. This disagreement is seemed to be due to the fact that DTA is a dynamic, non-isothermal analysis and different from the heattreatment in this study which is an isothermal treatment.
Additionally, the small endothermic peak around 790°C (#01) or 760°C (#02) on the DTA curve is believed to be caused by an increase in heat capacity due to the transformation of glass structure [28] [29] [30] and another exothermic peak in the range from 1,120 to 1,210°C (#01) or from 1,210°C to 1,230°C (#02) on the curve may be associated with the formation of cristobalite ( Fig. 1 and Fig. 5 ).
In the case of the post-reacted fiber samples with the glycine solution, the DTA curves of each fiber sample heat-treated below 600°C (#01) or below 400°C (#02) have been similar to those of the pre-reacted fiber sample. However, the sharp exothermic peak in the range from 900°C to 960°C caused by the crystallization into enstatite or augite, a crystalline alkaline earth silicate, has been weakened and almost disappeared on the curve of the fiber sample heat-treated around 700°C for 24 h and post-reacted with glycine solution (Fig.  6, Fig. 7) . Probably, this is due to the fact that the phase separated, alkaline earth-rich glassy phase has been dissolved selectively in the glycine solution and the alkaline earth contents of the fiber sample have been decreased.
The dissolution rate of the fiber samples in the glycine solution has risen sharply when the pH of the glycine solution post-reacted with the fiber sample is above 7 (Fig. 4) . It is generally known that glycine ions are able to form chelate complex ions with metal ions and alkaline earth ions 31, 32) . The average number of glycine ions bonded to a divalent cation is known to increase with increasing pH of the liquid 32) . Probably, glycine ions have solubilized the AES fiber samples when the pH of the liquid increases above 7 resulting from the elution of the alkaline earth ions. It is likely that this solubilization becomes more active throughout the reaction with the heat-treated fiber samples in which the alkaline earth-rich glassy phases are formed.
In the case of the post-reacted fiber samples with the distilled water, the DTA curves of each fiber sample heattreated in the range from 110°C to 700°C are similar to those of the pre-reacted fiber sample; the exothermic peaks in the range from 900°C to 960°C on the DTA curves of the fiber samples heat-treated at 700°C for 24 h have remained unchanged throughout the reaction of the fiber samples with the distilled water (Fig. 6, Fig. 7) . The dissolution rate of the fiber samples in the distilled water has had no sharply rise of the dissolution rate (Fig. 2 and Fig. 3) . These indicate that the alkaline earth-rich glassy phases formed by phase separation are less soluble in the distilled water.
This study shows that the heat-treatment around 700°C has made the AES fibers more soluble in an amino acid solution. Solubilization is considered to be an important clearance mechanism in the alveolar region 33, 34) . Therefore, the heat-treatment is possible to decrease the toxicity of the AES fibers further.
Meanwhile, this heat-treatment has given little effect on the dissolution of the AES fibers in the distilled water. This suggests that the resistance of the AES fibers to water or humidity remains unaffected by the heat-treatment. The water resistance is a very useful property for MMVFs.
It might be expected that biosolubility and water-resistance are contrary to each other. However, this heat-treatment is possible to increase only the biosolubility of the AES fibers not affecting their water-resistance.
The AES fiber samples in this study do not substantially contain Al 2 O 3 . The Al 2 O 3 component of MMVFs may play an important role on their durability. The effect of the Al 2 O 3 component on the biosolubility of heat-treated AES fibers should be investigated in future.
The AES fiber samples have been crystallized partially into the crystalline alkaline earth silicates, such as enstatite, protoenstatite and augite, by the heat-treatment above 800°C, leaving excessive SiO 2 . The excessive SiO 2 has remained amorphous below 1,000°C and been crystallized into cristobalite, crystalline silica, above 1,100°C (Fig. 1) . It is considered that amorphous silica is not classifiable as to its carcinogenicity and cristobalite is carcinogenic to humans 35) . It might be expected that the heat-treatment or thermal history above 1,100°C would increase the toxicity of the AES fibers. However, it has been reported that heat-treated and crystallized alminosilicate refractory ceramic fibers in which cristobalite is formed are less toxic than the original, amorphous state due to the loss of the fibrous morphology 36) . Future investigation would evaluate the toxicity of the heattreated, crystallized AES fibers in which cristobalite is formed.
Conclusion
In order to evaluate the effect of pre-heating on biosolubility and water-resistance of alkaline earth silicate (AES) fibers in MgO-SrO-SiO 2 and MgO-CaO-SrO-SiO 2 compositions, dissolution experiments of the heat-treated (from 110°C to 1,260°C) AES fibers have been carried out in a glycine solution and in distilled water at 40°C for 50 h. The dissolution experiments in this study show that the heattreatment around 700°C has made the AES fibers more soluble in the glycine solution. This is due to the phase separation of the AES fibers resulting from the heat-treatment. Probably, more alkaline earth-rich glassy phases formed by the phase separation facilitate the dissolution of the heattreated fibers in the glycine solution. The heat-treatment around 700°C is possible to decrease the toxicity of the AES fibers further. Meanwhile, this heat-treatment around 700°C has given little effect on the dissolution of the AES fibers in the distilled water. This suggests that the resistance of the AES fibers to water or humidity remains unaffected by the heat-treatment. The water-resistance is a very useful property for MMVFs. This study concludes that the heat-treatment around 700°C is probably an useful treatment in order to enhance the total performance, biosolubility and waterresistance, of AES fibers, at least not containing Al 2 O 3 .
